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 Ardipithecus ramidus is a controversial fossil in terms of its phyletic position relative to the 
hominid lineage. Lovejoy and White argue that Ar. ramidus is a stem hominid while others, like Wood, 
Harrison and Sarmiento, do not agree and propose alternative interpretations. These later authors argue 
that the proposed “human-like” characteristics used by Lovejoy and White to support their stem hominid 
hypothesis can also be attributed to other lineages, like fossil apes, and they further believe that Ar. 
ramidus might not even be a hominid at all. Given these alternative interpretations concerning 
Ardipithecus, the first metatarsal of Ar. ramidus was examined relative to early fossil humans such as 
O.H. 8 (Homo habilis), A.L. 333-54 (Australopithecus afarensis), A.L. 333-115 (A. afarensis), the great 
apes, gibbons, and finally to modern humans to help inform the debate on the inferred locomotive 
strategies and phyletic placement of Ar. ramidus. A comparative anatomical approach was utilized  to 
assess the morphological ratios of these taxa relative to each other. The eleven measurements of the first 
metatarsal included aspects of the shaft, the distal articular surface, and the proximal articular surface. 
The results show that Ar. ramidus has more features in common with non-human primates than to 
modern humans and does not exhibit any of the unique first metatarsal characteristics linked to modern 
humans and bipedality. Ar. ramidus shows a mosaic of first metatarsal characteristics in comparison to 
the ape species examined here. Human-like bipedality was unlikely to have been the main form of 
locomotion of Ar. ramidus and this study suggests that Ar. ramidus is not the best representation for the 
last common ancestor of chimpanzees and modern humans.  
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The discovery and description of Ardipithecus ramidus and the subsequent publication in Science 
Magazine in 2009 led to a new “hominid debate.” Does Ar. ramidus belong within the hominid or ape 
evolutionary tree? Ar. ramidus was first discovered in 1993 and was originally allocated to the genus 
Australopithecus (White et al., 1994; Suwa et al., 2009a; White et al., 2009; Stanford, 2012). After further 
analysis of the skeletal remains, the new specimens were determined not to be Australopithecus and 
were subsequently allocated to a new genus, Ardipithecus (White et al., 1995). After the initial discovery, 
more fossils have been recovered, and there is currently a large body of fossil material attributed to Ar. 
ramidus, including both cranial and postcranial elements (Lovejoy et al., 2009a; Lovejoy et al., 2009b; 
Lovejoy et al., 2009c; Lovejoy et al., 2009d; Suwa, 2009a; Suwa, 2009b).  
All specimens of Ar. ramidus come from the Middle Awash region of Ethiopia from Aramis 
localities 1-7, and localities are dated as 4.4 million years old (White et al., 1994; White et al., 2009). 
Based on the skeletal features of the reconstructed pelvis, cranial morphology, and reduced 
canine/premolar complex, White and colleagues argued that Ar. ramidus was the earliest known stem 
hominid, predating even Australopithecus anamensis by 0.4 million years (White et al., 1994; Lovejoy, 
2009; Lovejoy et al., 2009a; Lovejoy et al., 2009b; Lovejoy et al., 2009c; Lovejoy et al., 2009d; Suwa et 
al., 2009a; Suwa et al., 2009b; White et al., 2009; Stanford, 2012). However, others are not convinced of 
this conclusion and instead suggest that Ar. ramidus is not a hominid due to the lack of clear-cut hominid 
characteristics in these fossils (Sarmiento, 1987; Sarmiento, 1994; Sarmiento, 1998; Sarmiento et al., 
2002; Sarmiento, 2010; Wood and Harrison, 2011). 
In addition to declaring the hominid status of Ardipithecus, Lovejoy et al. (2009c) also contribute 







Since Ar. ramidus has traits that resemble a quadruped (e.g. grasping first metatarsal), Lovejoy argues 
that the anatomy of living African apes is not the primitive condition, but that the last common ancestor 
was more monkey-like (Lovejoy, 2009). Specifically, Lovejoy and others propose that the last common 
ancestor of hominids was not a knuckle walker (Washburn, 1967; Gebo, 1992; Gebo, 1996; Richmond et 
al., 2001; Harcourt-Smith and Aiello, 2004) but was an arboreal quadruped (Lovejoy, 2009; Lovejoy et al., 
2009c). If this hypothesis is correct, it would change our view concerning ape and human evolution as 
well as the LCA of chimpanzees and humans.  
Wood and Harrison (2011) are skeptical of the White and Lovejoy argument that Ar. ramidus is a 
member of the hominid lineage after the African ape divergence point and cite the lack of tangible 
evidence. The White and Lovejoy hominid analysis fails to show that the common characteristics between 
Ar. ramidus and Australopithecus are evidence of an ancestor-descendant relationship restricted to the 
hominid lineage (Sarmiento, 2010). If Ar. ramidus exclusively belongs to the human, chimpanzee or 
gorilla lineages, it would be difficult to unambiguously recognize its phyletic position (Tattersall, 1993; 
Sarmiento et al., 2002; Sarmiento, 2010). Many feel it is premature to declare Ar. ramidus a stem member 
of the hominid lineage without a more detail analysis of the fossils and evidence of hominid 
characteristics. 
Given this controversy, the first metatarsal of Ar. ramidus is worth re-examining, as it may help 
contribute to this debate. This bone has been interpreted by Lovejoy et al. (2009a) to be ape-like in its 
overall functional capabilities and they interpret it to function as a grasping big toe. Even though Lovejoy 
et al. (2009a) conclude that the first toe is said to be ape-like, they believe that Ar. ramidus participated in 
human-like bipedalism. 
I examined the first metatarsal of Ar. ramidus to determine if it had certain features that are 
distinctive to modern humans or apes. In addition, I assessed the size of the first metatarsal of Ar. 
ramidus as compared to other taxonomic groups relative to mean body mass. The following questions 
were addressed in this study: 
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1. Does the length of the first metatarsal  relative to the body mass of Ar. ramidus resemble 
hominids or apes? Is this bone long or short relative to body mass? 
2. Is the distal articular surface of Ar. ramidus large (as seen in humans) or narrow (as seen in 
apes)? Does it show weight-bearing characteristics as in modern humans? 
3. Does the proximal articular surface of the first metatarsal of Ar. ramidus resemble the mobile 
joint of apes or the less mobile joint of humans? 
4. What does the morphology of the first metatarsal of Ar. ramidus indicate in terms of 
movement patterns, especially with regards to grasping, climbing or bipedalism? Does Ar. 












Arboreality and Bipedalism 
There has been considerable debate as to what was the locomotor pattern of the pre-
australopithecine, specifically the degree to which the pre-australopithecines were arboreal or bipedal. 
Habitual bipedalism (using two legs as a regular mode of locomotion) is a form of bipedalism unique to 
the hominid lineage (Tuttle,1969; McHenry, 1986; Rose, 1991; Schmitt 2003; Stanford, 2003; Ishida, 
2006; Raichlen et al., 2010). Bipeds are characterized by skeletal features such as longer hind limbs, 
shorter toes, a longitudinal plantar arch and an adducted first metatarsal (Shipman and Walker, 1989; 
Aiello and Dean, 1990; Bramble and Lieberman, 2004; Pontzer et al., 2010). Other characteristics include 
a short pelvis with laterally rotated iliac blades, a broad sacrum, a forward-facing foramen magnum and 
vertebral lordosis (Ward, 2002). There is also considerable controversy as to the locomotor style for the 
taxa currently recognized as the earliest ancestors to Homo, the australopithecines. Researchers agree 
that all australopithecines were bipedal but they have not reached any agreement on the exact mode of 
bipedal locomotion (Lovejoy, 1974; Latimer, 1991; Stern, 2000).  
The position of the foramen magnum was one of the first characteristics used by paleontologists 
to define bipedalism (Dart, 1925; Schultz, 1942; White et al., 1994; Brunet et al., 2002; Suwa et al., 
2009a; Russo and Kirk, 2013). The foramen magnum is positioned more centrally on the base of the skull 
in bipedal specimens, whereas in arboreal specimens the foramen magnum is positioned more 
posteriorly (Luboga and Wood, 1990;  Ahern, 2005; Russo and Kirk, 2013). It was determined that 
australopithecines were bipedal based on the skeleton of A. africanus and later by the discovery of the 
Laetoli footprints. The Laetoli footprints are attributed to Australopithecus afarensis (White, 1980; Stern 





made the footprints based on the different interpretation of print morphology and fossilized foot remains 
(Tuttle et al., 1991; Harcourt-Smith, 2005; Raichlen et al., 2010). If the Laetoli footprints were actually 
made by A. afarensis then this supports the hypothesis that A. afarensis walked with a relatively human-
like hip and knee extension, becoming one of modern humans’ earliest ancestors to walk bipedally 
(Latimer and Lovejoy, 1989; Ward, 2002; Raichlen et al., 2010). This pattern of walking would also 
indicate that human-like bipedalism is compatible with adaptations for arboreality (Stern, 2000). However, 
these conclusions cannot provide specific information about the locomotor behavior of earlier hominids. 
While these results show that A. afarensis walked with a human-like gait with an adducted first 
metatarsal, the skeletal morphology of Ar. ramidus shows that if this species did perform a form of 
bipedalism, it differed greatly from those of later hominids and modern humans (Lovejoy et al., 2009d; 
Raichlen et al., 2010). However, some of the most critical bones attributed to bipedalism, like the knee 
joint and femoral head, are missing in the Ar. ramidus collection and some bones, like the pelvis, are 
highly damaged, making it difficult to determine if this species has certain bipedal characteristics. 
Whether or not early hominids also possessed arboreal adaptations (i.e., spent significant amount 
of time in the trees) is also debated. Lovejoy (1974) and Latimer (1991) argue that australopithecines did 
not climb trees, and if they did, that it was an extremely small percentage of the time. They argue that 
since australopithecines display bipedal characteristics and have less pronounced arboreal 
characteristics, arboreal behavior was adaptively unimportant for them (Lovejoy, 1974; Latimer, 1991). 
Others (Stern, 2000) think the opposite, with australopithecines spending more time in trees, although 
they do not attempt to assess the overall amount of time they were arboreal. It is difficult to reconstruct 
"exact" behaviors from fossils.  
Extant ape locomotive strategies vary. The comparative morphology between African apes is 
considered to be quite similar, with shape differences largely due to their body size (Shea, 1988; Doran, 
1997). Gorillas and chimpanzees are largely terrestrial quadrupeds, specifically quadrupedal knuckle 
walking. African apes do spend time in the trees, with chimpanzees being more arboreal than gorillas and 
female gorillas more arboreal than males. The Asian apes (gibbons and orangutans) are more arboreally 
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adapted apes relative to African apes, which are more terrestrial. Gibbons have limb proportions that 
support a very specialized form of locomotion, called brachiation, their arm-swinging motion between 
branches. Orangutans are arboreal apes, venturing down to the ground only to cross tree gaps, using a 
form of terrestrial quadrupedalism called fist walking (Richmond et al., 2001). When in trees, orangutans 
move very carefully and deliberately, often hanging by all four hands and feet, typically referred to as 
orthograde suspensory locomotion (Cant, 1987; Thorpe and Crompton, 2005; Thorpe and Crompton, 
2006; Manduell et al., 2011). All the comparative species in this study use a form of bipedalism, although 
kinematically different from that of humans and a very small percentage of their overall locomotive 
strategies. 
The earliest ancestors of hominids were likely to have been arboreal, given that fossil and living 
apes all have adaptations for arboreality; thus it is most parsimonious to assume that the LCA was also 
arboreal. Skeletal characteristics for arboreality include relatively long arms and short hind limbs, long 
curved phalanges, and a funnel-shaped torso with narrow shoulders and a superiorly oriented glenoid 
fossa. A key skeletal adaptation for arboreality in the feet is the abducted first metatarsal (Aiello and 
Dean, 1990; Ward, 2002; Bramble and Lieberman, 2004; Alemseged et al., 2006; Pontzer et al., 2010). 
The first metatarsals of living African great apes have great abduction which corresponds to grasping 
ability, whereas the first metatarsal of humans is adducted and has very low mobility (Berillon, 1999). A 
grasping foot is a diagnostic characteristic for primates. Early australopithecines did not have grasping 
feet, as seen by specific skeletal characteristics (Day and Wickens, 1980; Lovejoy, 1988; Meldrum et al, 
2011). Although White and Lovejoy argue that Ar. ramidus was a biped, this specimen had an abducted 
first metatarsal which would typically be interpreted to mean that this species was not bipedal (Lovejoy, 
2009; Lovejoy et al., 2009d; White et al., 2009) 
Last Common Ancestor of Chimpanzees and Humans Debate 
Some of the earliest anthropologists hypothesized the LCA to be a hylobatid-like ancestor, which 
assumes that the LCA was a small-bodied, arboreal biped whose locomotion included a considerable 
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amount of climbing but no brachiation (Harcourt-Smith and Aiello, 2004). Others hypothesized a more 
primitive, monkey-like primate that exhibited above-branch quadrupedal locomotion (Morton, 1926; 
Straus, 1949). Researchers today dismiss these earlier hypotheses for a more widely accepted one that 
the LCA was  like an African ape (Washburn, 1967; Gebo, 1996; Richmond et al., 2001; Harcourt-Smith 
and Aiello, 2004). The African ape-like ancestor model proposes the LCA was a climber with locomotion 
similar to that seen in arboreally traveling African apes and includes some degree of knuckle walking 
(Richmond et al., 2001).  
The morphology of the foot has played a major role in the development of these locomotor 
debates. Morton (1935) proposed that the foot of the LCA ancestor was similar to a gorilla; it retained 
grasping ability but also had some adaptations for terrestriality. Today most researchers, except Lovejoy 
and White, agree that the ancestral foot resembles an African ape-like ancestor and that there are many 
African ape-like features in the foot bones of early hominins, but they differ in their views on how the foot 
evolved from an ape-like foot to a more human-like foot (Lewis, 1989; Gebo, 1992; Gebo, 1996; Kidd, 
1999; Sarmiento and Marcus, 2000; Harcourt-Smith, 2002; Jungers et al., 2009). In contrast, Lovejoy et 
al. (2009a) propose a new model for the evolution of the hominid locomotion style when they argue that 
the foot of hominids evolved from a more primitive, monkey-like foot. Lovejoy et al. (2009a) use the 
supposed adaptations found in Ar. ramidus to argue that the LCA was adapted for careful climbing and 
above-branch quadrupedal locomotion with a plantigrade foot posture. Lovejoy argues that the anatomy 
of living African apes is not the primitive condition of all hominoids but instead evolved specifically in the 
chimpanzee and gorilla lineages (Lovejoy, 2009). 
First Metatarsal of Ardipithecus ramidus 
Every living primate except humans has an abducted first metatarsal. This feature is considered a 
distinctive locomotor characteristic for primates (Cartmill, 1974). The first metatarsal plays a fundamental 
role in primate locomotion. Without a grasping first metatarsal, other climbing adaptations in the hominid 
foot would be anatomically unnecessary or non-functional (Latimer and Lovejoy, 1990). The first 
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metatarsal is not as crucial for terrestrial locomotion in the great apes as it is in humans because the 
great apes are not obligate bipeds (Elftman and Manter, 1935; Tuttle, 1970; Susman, 1983, Latimer and 
Lovejoy, 1990). An adducted first metatarsal helps propel the body of a biped forward, whereas the 
abducted first metatarsal helps primates grasp and climb. Fossils that lack an abducted first metatarsal 
are unlikely to have been climbers, as an abducted first metatarsal is essential for climbing but not for 
bipedalism. The presence of a fully abducted first metatarsal in Ar. ramidus indicates that arboreality was 
an important locomotor behavior. 
The foot of Ar. ramidus is quite primitive. The foot elements recovered from Lower Aramis include 
a talus cuneiforms (medial and intermediate); a cuboid; first, second, third and fifth metatarsals; and 
several phalanges (Lovejoy et al., 2009a; White et al., 2009). The entire length of the first metatarsal is 
preserved as well as the superoproximal joint surface. These features allow for the examination of the 
abduction of the first metatarsal in Ardipithecus. The degree of abduction was substantial and similar to 
the degree of abduction seen in chimpanzees (Lovejoy et al., 2009a). The base of the first metatarsal in 
Ar. ramidus is unlike australopithecines, which faced distally, indicating that it was permanently adducted 
(Latimer and Lovejoy, 1990; McHenry and Jones, 2006; Lovejoy et al., 2009a). The proximal articular 
facet of the first metatarsal is similar to that seen in African apes; it exhibits substantial spiral concavity for 
rotation of the medial cuneiform facet (Lewis, 1989).  
Comparative Anatomy 
The distal articular surface or the head of the first metatarsal can be distinguished between apes 
and humans since humans have a wide metatarsal head relative to that of apes. In humans, there is an 
extension of the phalangeal articular surface onto the dorsum of the head that is not seen in apes 
(Susman and de Ruiter, 2004). There is also a difference in the axial torsion of the metatarsal head 
between humans and apes. Chimpanzees have the greatest axial torsion, or twisting, of the metatarsal 
head when compared to humans and fossil hominids. Humans have been shown to have the largest head 
surface area and dorsoplantar breadth of all primates; this has been attributed to higher loading on the 
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first metatarsal (Marchi, 2010). The grooves for sesamoid bones are very prominent in humans, which 
creates a prominent intersesamoidal ridge. In apes, this feature is absent or very difficult to distinguish. 
The shape of the shaft of the first metatarsal is also quite distinctive between humans and apes. 
The dorsoplantar shaft in humans has a triangle shape and converging dorsal and plantar surfaces 
towards the mid-shaft. In apes, the dorsal and plantar surfaces are parallel with a thinner shape (Susman 
and de Ruiter, 2004). Curvature is also a distinctive feature in apes. The first metatarsal shows curvature 
along the shaft, which is absent in humans. 
The shape of the proximal articular joint plays a prominent role in the adduction of the first 
metatarsal. In humans, this joint is flat and faces distally, whereas in the great apes this joint is convex 
and medially oblique in outward orientation (Schultz, 1930; Lewis, 1972; Berillon 1999). In great apes, the 
first metatarsal is capable of considerable movement (abduction and adduction) in contrast to being quite 
immobile for humans (Latimer et al., 1982; Lewis, 1989; Susman, 1989; Berillon, 1999; Proctor et al., 
2008). In modern humans, the hallucial tarsometatarsal joint shows an invagination in the middle aspect 
of this joint surface, which divides the articular surface into two parts (Lewis, 1972; Susman and Brain, 
1988; Aiello and Dean, 1990; Clarke and Tobias, 1995; Proctor et al., 2008). This invagination is 
important because it is suggestive of an immobile joint. The curvature of this articular surface in apes is 
directly related to their increased range of side-to-side joint mobility. Specimens such as OH 8 (H. habilis) 
exhibit an articular surface that is extremely similar to modern humans. Fossil specimens, SKX 5017 (A. 
robustus) and A.L. 333-54 (A. afarensis), in contrast, exhibit a mosaic of ape-like and human-like joint 









 The aim of this study was to compare the first metatarsal of Ar. ramidus to modern humans, the 
great apes, gibbons, A.L. 333-54 (A. afarensis), A.L. 333-115 (A. afarensis), and O.H. 8 (H. habilis) 
(Table 1). However, the early humans were not included in every analysis due to the fragmented nature 
of the specimens which made some measurements impossible. The study contains 11 measurements of 
the first metatarsal, which include the shaft, the proximal articular facet, and the distal articular facet. The 
landmarks on the first metatarsal are explained in Table 2 and all measurements are listed in Table 3.  
 
Table 1 
Skeletal Material Used 
   
Species N Collection 
G. gorilla 50 Hamann-Todd Osteological Collection 
P. troglodytes 45 Hamann-Todd Osteological Collection 
Pongo pygmaeus 12 Hamann-Todd Osteological Collection/Field Museum Primate Collection 
Hylobates 20 Field Museum Primate Collection 
H. sapiens 48 Hamann-Todd Osteological Collection 
H. habilis 1 Hamann-Todd Osteological Collection 
A. afarensis 2 Hamann-Todd Osteological Collection 










    
Number MT1  
1 Most distal point 
2 Most proximal point 
3 Most distosuperior point of shaft 
4 Most distoplantar point of shaft 
5 Most superior point of mid-shaft 
6 Most plantar point of mid-shaft 
7 Most proxiosuperior point of shaft 
8 Most proxioplantar point of shaft 
Number Distal Articular Surface MT1 
9 Most lateral point of the surface 
10 Most medial point of the surface 
11 Most dorsal point of the surface 
12 Most plantar surface of the surface 
13 Lateral groove for sesamoid bones 
14 Medial groove fro sesamoid bones 
Number Proximal Articular Surface MT1 
15 Most superior point of the surface 
16 Most plantar point of the surface 
17 Most lateral point at the dorsal aspect 
18 Most medial point at the dorsal aspect 
19 The narrowest point of the mid-lateral indentation 
20 The Narrowest point of the mid-medial indentation 
21 Most lateral point at the plantar aspect 














 MT1  
Landmarks 1 to 2: Length of the entire MT1 
Landmarks 3 to 4: Height of the distal aspect of shaft 
Landmarks 5 to 6: Height of the intermediate aspect of mid-shaft 
Landmarks 7 to 8: Height of the proximal aspect of shaft 
Distal Articular Surface of MT1 
Landmarks 9 to 10: Width of the articular surface 
Landmarks 11 to 12: Height of the articular surface 
Landmarks 13 to 14: Width of the lateral and medial grooves for sesamoid bones 
Proximal Articular Surface MT1 
Landmarks 15 to 16: Height of articular surface 
Landmarks 17 to 18: Width of the dorsal point of the articular surface 
Landmarks 19 to 20: Width of the narrowest point of the articular surface 
Landmarks 21 to 22: Width of the plantar point of the articular surface 
 
 
 The sample for the study was comprised of 48 Homo sapiens, 45 Pan troglodytes, 50 specimens 
of Gorilla gorilla, 12 specimens of Pongo pygmaeus, 20 specimens of Hylobates (including H. 
syndactylus, H. muelleri funereus, H. lar, H. concolor gabriellae, and H. lar entelloides) and casts of  A.L. 
333-54 (A. afarensis), A.L. 333-115 (A. afarensis), O.H. 8 (H. habilis) and ARA-VP-6/500-089 (Ar. 
ramidus) (see Table 1). The specimens were made available by the Museum of Natural History in 
Cleveland, Ohio, and the Field Museum of Natural History in Chicago, Illinois. 
The first metatarsal landmarks for the shaft are illustrated in Figure 1 and was used to look at the 
length and height of the first metatarsal. The landmarks for the distal articular facet of the first metatarsal 
are shown in Figure 2 and was used to examine the width and height of the metatarsal head and the 
distance between the sesamoid grooves. The measurements of the proximal articular surface of the first 
metatarsal was based on Proctor et al. (2008) and the landmarks are illustrated in Figure 3. This feature 




































































Figure 3: Landmarks of first metatarsal proximal articular facet. Photo by White et al., 2012. 
 
All measurements were obtained using standard sliding calipers. All readings were taken in 
millimeters and recorded to the nearest hundredth of a millimeter. The readings will not be rounded as to 
avoid errors within the data. All eleven measurements were not used for every specimen as some 
specimens were highly damaged or missing. The proximal articular facet of Ar. ramidus was crushed so 
the measurements were not able to be taken. However, the measurements for the proximal articular facet 
were taken for the other comparative species.  
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The multivariate statistical analysis for this project was separated into five different analyses: the 
absolute length and size comparison (measurement 1), the widths of the shaft and robusticity 
(measurements 2, 3 and 4), the width and height of the head (measurements 5 and 6), the distance 
between the sesamoid grooves of the head (measurement 7), and the widths of the proximal articular 
facet (measurements 9, 10 and 11).   
The data was analyzed using a multivariate analysis. Ratios were used comparing different 
measurement groups on the different aspects of the first metatarsal. In conjunction with the ratios, the 
Northern Illinois University Statistics Department conducted an ANOVA analysis in order to find out 
whether there are differences among the measurements with respect to the different species. The first set 
of analyses were conducted using the comparison species relative to each other. The next set of 
analyses compared Ar. ramidus relative to the comparison species. 
The first analysis (size comparison) used a ratio comparing the mean length of the first metatarsal 
relative to the cube root of the mean weight of the species. The cube root was used due to this analysis 
involving a volume measurement. The second analysis involving the shaft height used ANOVA analysis, 
a trend analysis and a robusticity ratio. ANOVA was used to see if there was a difference between 
species in the height of the first metatarsal shaft.  A trend analysis was used in order to see if the shaft 
heights of the species increased, decreased or stayed the same to see if the base of the shaft had a 
triangular shape like modern humans. The robusticity ratio measured the shaft base height relative to the 
absolute length of the first metatarsal. The third analysis was calculated using the ANOVA analysis to test 
for a difference in the head width relative to the head height.  The fourth analysis involved the initial 
analysis and a follow-up analysis. The initial analysis was conducted using ANOVA to test the distance 
between the sesamoid grooves on the head of the first metatarsal. The follow-up test used ratios to look 
at the distance between the sesamoid grooves and the width of the head. The last analysis, similar to the 
second analysis, used ANOVA and trend analysis. ANOVA was used to see if there was a difference 
between species in the widths of the proximal articular facet of the first metatarsal.  A trend analysis was 
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used in order to see if the proximal articular facet widths of the species increased, decreased or stayed 
















 The first test conducted was the size comparison analysis using ANOVA. The purpose of this 
analysis was to see how the length of the first metatarsal compares to the relative body mass of each 
species, whether the first metatarsal is long or short compared to a species mean body mass. The mean 
body weight for humans was calculated from the weights associated with each individual that was 
collected from the Museum of Natural History in Cleveland, OH. Mean ape weights were taken from Smith 
and Jungers (1997) as individual weights were not available for each specimen measured in this study. 
The mean body mass of Ar. ramidus was taken from Lovejoy et al. (2009a) and are listed in Table 4.  
 
Table 4 
Average Weights (kg) 
   
Species Sex Average Weight (kg) 
H. sapiens M 67.94 
H. sapiens F 59.10 
G. gorilla M 169.37 
G. gorilla F 80.00 
P. troglodytes M 49.57 
P. troglodytes F 40.37 
Pongo pygmaeus M 78.20 
Pongo pygmaeus F 35.70 
Ar. ramidus F 51.00 
H. syndactylus F 10.70 
H. muelleri funereus M 5.71 
H. muelleri funereus F 5.35 
H. Lar M 5.90 
H. Lar F 5.34 
H. concolor gabriellae M 7.79 




 This analysis shows Hylobates possess long metatarsals relative to their small body size. H. 
sapiens have a longer first metatarsal, relative to body weight, than African apes and Pongo pygmaeus 
(Table 5). The ratio for G. gorilla and male Pongo pygmaeus have the shortest first metatarsals, whereas 
female Pongo pygmaeus have longer first metatarsals compared to their male counterparts. H. sapiens 
have long first metatarsals, although not as long as Hylobates, relative to body mass. P. troglodytes have 
longer first metatarsals relative to body size than G. gorilla; however, they are shorter compared to 
Hylobates and H. sapiens. Ar. ramidus is not particularly close to any one species but is closer to the ratio 
values of the great apes than to that of H. sapiens. It does not appear to be particularly elongated relative 
to its estimated body weight.  
 
Table 5 
Ratio of Length relative to Cube root of Weight 
   
Species Males Females 
H. sapiens 16.48 16.08 
G. gorilla 12.01 13.48 
P. troglodytes 14.71 15.81 
Pongo pygmaeus 10.84 15.86 
Ar. ramidus X 15.09 
H. syndactylus X 20.02 
H. muelleri funereus 20.46 20.09 
H. lar 21.21 21.64 
H. concolor gabriellae 20.36 19.39 
 
 
 In a second test, I compared the various heights of the first metatarsal shaft to see if any 
significant differences occur in the three heights of the shaft. There are two goals for this analysis. The 
first was to see if there were significant differences of the shaft heights using ANOVA (Table 6), and the 
second was to see any trends relative to shaft heights (Figure 4). The p-values for the analysis were less 
than the alpha of 0.05, implying that there is a significant difference between each of the species 
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comparisons. The shaft heights for Ar. ramidus were also significantly different between the comparative 
ape species, except Pongo pygmaeus (Pr ˃ |t|= 0.0544) (Table 7).   
 
Table 6 
Pairwise Tests for the Comparative Species (P-Values) 
         
Species 1 N Species 2 N DF Meas 2,3 & 4 Meas 5 & 6 Meas 7 Meas 9, 10 & 11 
H. sapiens 48 G. gorilla 50 168 0.0215 0.0143 ˂ 0.0001 ˂ 0.0001 
H. sapiens 48 
P. 
troglodytes 
45 168 ˂ 0.0001 0.7236 0.0007 ˂ 0.0001 
H. sapiens 48 
Pongo 
pygmaeus 
12 168 ˂ 0.0001 ˂ 0.0001 0.3914 0.1607 
H. sapiens 48 Hylobates 20 168 ˂ 0.0001 0.0114 ˂ 0.0001 0.0002 
G. gorilla 50 
P. 
troglodytes 
45 168 ˂ 0.0001 0.0064 ˂ 0.0001 0.0003 
G. gorilla 50 
Pongo 
pygmaeus 
12 168 ˂ 0.0001 ˂ 0.0001 ˂ 0.0001 0.0003 
G. gorilla 50 Hylobates 20 168 ˂ 0.0001 0.5034 ˂ 0.0001 0.0097 
P. troglodytes 45 
Pongo 
pygmaeus 
12 168 0.0012 ˂ 0.0001 0.2021 0.1639 
P. troglodytes 45 Hylobates 20 168 ˂ 0.0001 0.0057 ˂ 0.0001 0.7834 
Pongo 
pygmaeus 






















Pairwise Tests for Ar. ramidus and the Comparative Species (P-Values) 
        Species 1 N Species 2 N DF Meas 2,3 & 4 Meas 5 & 6 Meas 7 
Ar. ramidus 1 H. sapiens 48 167 ˂ 0.0001 ˂ 0.0001 ˂ 0.0001 
Ar. ramidus 1 G. gorilla 50 167 ˂ 0.0001 ˂ 0.0001 ˂ 0.0001 
Ar. ramidus 1 P. troglodytes 45 167 0.0005 ˂ 0.0001 0.1536 
Ar. ramidus 1 Pongo pygmaeus 12 167 0.0544 ˂ 0.0001 0.0333 












































 The trend analysis checked to see if the shaft heights increased, decreased or stayed 
approximately equal from distal end to proximal end. A sharp increase implicates a presence of a 
triangular shaft base shape, like in H. sapiens. The shaft height trends do increase for each species from 
the distal to the proximal end. However, none of the species, besides G. gorilla, increase as sharply as H. 
sapiens. G. gorilla is a very large species which might contribute to the larger shaft base height. The other 
species showed a small increase in shaft heights as apes have more or less parallel shafts. The shaft 
height comparison shows Ar. ramidus increases shaft heights. It  seems that the trend of Ar. ramidus 
most closely resembles that of P. troglodytes  and Pongo pygmaeus than to H. sapiens, where there was 
no significant increase in shaft heights. 
 Robusticity was also tested as part of the second analysis. Robusticity was measured by the ratio 
of the shaft base height relative to absolute length of the metatarsal. Here, H. sapiens have the most 
robust first metatarsals followed by G. gorilla (Table 8). Hylobates have the least robust first metatarsals 
while Pongo pygmaeus has a low robusticity ratio as well (although they represent a large-sized species). 
The robusticity ratio for Ar. ramidus falls between the ratios for P. troglodytes and G. gorilla. 
 
Table 8 
Ratio of Shaft Base Height relative to Length 
  Species Ratio 
H. sapiens 0.39 
G. gorilla 0.38 
P. troglodyes 0.33 
Pongo pygmaeus 0.3 
Hylobates 0.23 
O.H 8 (H. habilis) X 
A.L. 333-54 (A. afarensis) X 
A.L. 333-115 (A. afarensis) X 





 The third analysis was conducted to see if there is a difference in the head width and head height 
between H. sapiens and the other apes using ANOVA. All but two of the results were significantly 
different with p-values less than 0.05 (see Table 6). H. sapiens and P. troglodytes (Pr ˃ |t|= 0.7236) and 
G. gorilla and Hylobates (Pr ˃ |t|= 0.5034) were the two pairs that were found to not be significantly 
different. All of the comparative species were significantly different from Ar. ramidus (see Table 7). The 
results for Ar. ramidus, while significantly different from all other taxa measured, was found to be not 
significantly different from Hylobates. 
 The fourth analysis involved the distance between the sesamoid grooves on the head of the first 
metatarsal to see if there was a difference between species. All of the ANOVA results were found to be 
significantly different except for two pairs, H. sapiens and Pongo pygmaeus (Pr ˃ |t|= 0.3914) and P. 
troglodytes and Pongo pygmaeus (Pr ˃ |t|= 0.2021) (see Table 6).  Ar. ramidus is significantly different 
than all the comparative species except between P. troglodytes (Pr ˃ |t|= 0.1536) (see Table 7). The non-
significant result between H. sapiens and Pongo pygmaeus was unexpected, given their movement 
patterns. However, a follow-up ratio test was conducted of the distance between the sesamoid grooves 
relative to the width of the head. The distance between the sesamoid grooves for H. sapiens take up less 
than half (0.43) of the total head width while the distance between the sesamoid grooves for Pongo 
pygmaeus take up a major portion (0.86) of the head width (Table 9). The ratios for P. troglodytes and G. 
gorilla are very close to one another as are the values for Ar. ramidus and A.L. 333-15. Ar. ramidus 
clearly resembles apes in this feature. This second ratio comparison helps to explain the H. sapiens-








Ratio of Sesamoid Groove Distance to Head 
Width 
  Species Ratio 
H. sapiens 0.43 
G. gorilla 0.07 
P. troglodyes 0.65 
Pongo pygmaeus 0.86 
Hylobates 0.57 
O.H 8 (H. habilis) X 
A.L. 333-54 (A. afarensis) X 
A.L. 333-115 (A. afarensis) 0.66 
ARA-VP-6/500-089 (Ar. ramidus) 0.67 
 
 
 The fifth test, similar to the second, involved the three widths of the proximal articular facet and 
the trend of the widths to see if there was a presence of invagination in species. The ANOVA results for 
the comparative species are listed in Table 6. Four pairs were not significantly different from each other; 
H. sapiens and Pongo pygmaeus (Pr ˃ |t|= 0.1607), P. troglodytes and Pongo pygmaeus (Pr ˃ |t|= 
0.1639), P. troglodytes and Hylobates (Pr ˃ |t|= 0.7834) and Pongo pygmaeus and Hylobates (Pr ˃ |t|= 
0.1479). The last three pairs are not surprising as apes have very mobile joint surfaces, but the first pair is 
quite surprising as the facet morphology is completely different between H. sapiens and Pongo 
pygmaeus.  
 The second part of the proximal articular facet analysis was to examine trends for presence of an 
invagination. Figure 5 plots the absolute mean of each width measurement. H. sapiens, O.H. 8, and A.L. 
333-54 showed a sharp decrease from the most dorsal width to the mid-width, followed by a slight 
increase from the mid-width to the plantar width. These decreases and increases show the presence of 
an invaginated joint surface, a feature common among bipedal hominids. Pongo pygmaeus showed a 
steady decrease from the dorsal to the plantar widths, with no invagination in the middle of the facet. G. 
gorilla and P. troglodytes showed a slight decrease then a slight increase in width values, also with no 
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presence of invagination. Unfortunately, Ar. ramidus was not able to be compared in this feature as the 
























































 Habitual bipedalism is a unique mode of locomotion attributed only to modern humans and their 
close relatives. As mentioned above, there is considerable debate as to how and why modern humans 
became habitual bipeds and the possible characteristics of the LCA. Some researchers favor an African 
ape-like ancestor (Washburn, 1967; Gebo, 1996; Richmond et al., 2001; Harcourt-Smith and Aiello, 2004) 
while others prefer an arboreal climbing-oriented ancestral condition (Kivell and Schmitt, 2009; Lovejoy, 
2009; Lovejoy et al., 2009c). Lovejoy et al. (2009a) argues that the feet of the LCA were more similar 
anatomically and functionally to extant monkeys and early "apes" like Proconsul than extant apes. This is 
one of the many reasons that Ar. ramidus is particularly interesting to consider evolutionarily since White 
and Lovejoy (Lovejoy et al., 2009a; White et al., 2009) propose it to be a transitional species between 
chimpanzees and modern humans and that Ar. ramidus shows that the LCA was monkey-like and 
employed arboreal quadrupedalism as its mode of locomotion. 
 One problem in determining the possible locomotor strategy of the LCA is that not all modes of 
locomotion are mutually exclusive of one another; for example, an animal can rely on several different 
means of locomotion depending on the activity. These locomotion arguments include one basic 
assumption: fossil species retain primitive skeletal adaptations from their ancestors. Some characteristics 
are retained because of their usefulness, some are retained and used for different purposes, and some 
are retained for no apparent reason (Latimer, 1991; Gebo, 1996; Richmond et al., 2001). It can be 
accepted that the "earliest bipeds" should retain some locomotive characteristics from their non-bipedal 
ancestors (primitive retentions). With the assumption that species retail primitive skeletal characteristics 
from their ancestors, the LCA and extant apes should share some similar features as their descendents. 




between Ar. ramidus and the comparative species examined here which will possibly link it to a specific 
mode of locomotion. 
 The key questions being asked here are: Does Ar. ramidus have more first metatarsal features in 
common with modern humans or apes? Can any key features of the first metatarsal have links or 
implications to a possible locomotive strategy of Ar. ramidus? Can Ar. ramidus implicate the locomotor 
pattern of the LCA? In the past, key first metatarsal features have been linked to different locomotive 
strategies among apes and humans and could possibly implicate a likely locomotive strategy for Ar. 
ramidus and possibly the LCA. 
First Metatarsal Length and Shaft 
 First metatarsals are, more often than not, the shortest and most robust of the metatarsals 
(Susman and de Ruiter, 2004; McFadden and Bracht, 2005; McFadden and Bracht, 2009), while lateral 
metatarsals tend to be longer and thinner as they are subjected to lower levels of force. First metatarsals 
need to be shorter and more robust for locomotion strategies that involve high levels of weight bearing to 
handle the higher levels of force placed upon them and reduce the risk of injury to the feet, especially 
during propulsion.  
 Modern humans combine long first metatarsals relative to mean body mass with short toes that 
help reduce the torque of ground reaction forces during bipedalism (Preuschoft, 1971). Modern humans 
place all their body mass on the first digit during the toe-off phase which requires sturdy first metatarsals, 
whereas apes are quadrupedally oriented, being able to spread out their body mass through their use of 
multiple limbs. If their first metatarsal and toes were too long or too short, bipedalism would not be as 
highly efficient as it is.  
 Apes do not require as sturdy of a first metatarsal as humans since their first metatarsals are 
largely used for grasping and climbing and less for weight bearing and propulsion. Apes can use their feet 
for weight bearing and propulsion, but this functional ability is not as vital for their survival as it is for 
modern humans. Gibbons are highly arboreal apes with long first metatarsals relative to their small body 
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size. They utilize their long feet for grasping and climbing through the canopy, important components of 
their locomotive strategy. The first metatarsal of orangutans is quite small for their large body size and is 
hook-like in shape. Orangutans use their first metatarsal to anchor themselves onto substrates while 
clambering through the trees, and it does not support weight bearing. Chimpanzees do not require as 
long of first metatarsals since they spend a considerable amount of time participating in terrestrial 
quadrupedalism. While chimpanzees and gorillas have similar locomotive strategies, there is a difference 
in their size ratios. Gorillas have short first metatarsals relative to body size. Gorillas spend a majority of 
their time on the ground, more than chimpanzees, and thus do not require long first metatarsals. 
Chimpanzees are more arboreal than gorillas due to their size differences and thus have longer first 
metatarsals relative to body size. 
 The first metatarsal of Ar. ramidus appeared quite large for an estimated body size of 51 kg 
(Lovejoy et al., 2009c), but in terms of length relative to body mass, Ar. ramidus is more similar to that of 
the chimpanzees, with a first metatarsal shorter than modern humans and gibbons but longer than 
gorillas and male orangutans. Ardipithecus does not seem to require a long first metatarsal for the high 
levels of weight bearing that comes with being bipedal. Ar. ramidus most likely performed movements 
similar to that of the African great apes, more specifically to chimpanzees. This suggests, on the basis of 
size, that Ar. ramidus most likely did not participate in an efficient form of bipedalism, as in modern 
humans.  
 Modern humans have stout first metatarsals, especially at the proximal end of the shaft. The 
shape of the shaft of the first metatarsal is quite different between that of modern humans and apes. 
Modern humans exhibit a triangular shape at the proximal end of the shaft, which is shown by the sharp 
increase in shaft heights of modern humans. In apes, the shape is more parallel in outline, slightly flaring 
out at the proximal end as shown by the slight increases in the shaft heights of the first metatarsal. This 
triangular shape of the shaft makes the first metatarsal of modern humans quite robust looking. The 
reason for the triangular shaft base shape is that modern humans have weak flexors and the bending 
forces are at their maximum at the proximal end of the shaft (Preuschoft, 1971; Susman and de Ruiter, 
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2004). Primates tend to have strong muscle flexors which are advantageous for grasping and climbing 
and the bending forces are at their maximum at the distal end of the shaft (Preuschoft, 1971; Susman and 
de Ruiter, 2004). The force on the first metatarsal by humans is much higher than that of the other apes. 
There is noticeable curvature in the shaft and no obvious triangular shape at the base of the first 
metatarsal as seen in modern humans. The shaft of Ar. ramidus does not seem to exhibit the same 
weight-bearing characteristics as seen in human bipedalism, suggesting that Ar. ramidus did not 
participate in this habitual bipedalism. 
 In terms of robusticity, modern humans have the most robust first metatarsals compared to apes, 
with gibbons being the least robust. Due to the entire weight balancing on the first metatarsal during 
bipedalism, the amount of robusticity in modern humans is high due to the need to sustain their entire 
body weight. However, the robusticity of the first metatarsal is not always tied to the size of a species.  
For such a large species, orangutans do not have robust first metatarsals, suggesting a functional 
explanation relative to one related to size. While orangutans are quite large, they do not place all their 
weight on their feet, as they use both arms and legs to carefully climb, clamber, and suspend between 
trees. Similar to gibbons, orangutans often travel mainly using their arms and do not place much of their 
body weight on their feet during locomotion. In terms of robusticity, Ar. ramidus has a robusticity between 
that of gorillas and chimpanzees. The implication here is that Ar. ramidus did not use its first metatarsal 
like modern humans and did not bear an extreme amount of weight during any movements. The first 
metatarsal of Ar. ramidus suggests a locomotor pattern most similar to what we might observe in gorillas 
and chimpanzees, quadrupedal terrestrialism with arboreal components, where their feet are used in a 
lesser degree of weight bearing relative to modern humans. 
 While the length and robusticity cannot definitively determine the locomotive strategy of a primate 
species, it does have implications. When the two analyses are combined, modern humans have relatively 
long and robust first metatarsals compared to the other ape species. These features are essential for 
bipedalism. Modern humans need strong first metatarsals in order to take all the forces and weight for 
efficient bipedalism without risking injury to the feet. Gibbons have long metatarsals that are not very 
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robust, ideal for grasping substrates. Ar. ramidus has length and robusticity similar to that of chimpanzees 
with a moderate robusticity but a metatarsal length second only to modern humans relative to body mass. 
This suggests that Ar. ramidus most likely participated in quadrupedal movements with arboreality playing 
an important part in the locomotor repertoire as seen in chimpanzees and gorillas. If Ar. ramidus did 
participate in a form of bipedalism, it had higher chances of causing injury to its feet given its length and 
robusticity. 
First Metatarsal Head 
 The size of the first metatarsal head can also help to infer locomotive strategies. The shape of the 
head for modern humans is unique as the width and height are more parallel (Susman and Brain, 1988; 
Frowen and Neale, 2010), whereas apes have noticeably narrower head widths than head heights 
(Susman and de Ruiter, 2004; D’Aout and Aerts, 2008; Frowen and Neale, 2010). The heads of modern 
humans are also much larger relative to apes due to bearing significantly higher amounts of weight during 
bipedality than apes during quadrupedalism or other forms of locomotion. During toe-off for modern 
humans, there is greater pressure on the heads of the first metatarsals as the entire weight of a modern 
human is pressing down on the metatarsal head (Muehleman et al., 1999; Harcourt-Smith and Aiello, 
2004; Susman and de Ruiter, 2004; Griffin et al., 2010). Propulsion and weight bearing still play a part in 
ape locomotion but it is not as essential. Many apes use bipedalism in their locomotive strategies, but it is 
a very small percentage (Fleagle, 1976; Hunt et al., 1996; Vereecke et al., 2006; Vereecke and Aerts, 
2008) and is kinematically different in form (Wang et al., 2003; Verreeke et al., 2006; Sockol et al., 2007). 
 The ratio of head width to head height paints a little different picture than the features noted 
above. Modern humans and chimpanzees have the same head width to head height ratio as do gorillas 
and gibbons. The similarity for modern humans and chimpanzees could be attributed to a terrestrial 
component. The gibbons and gorilla similarity is interesting as gibbons are extremely arboreal, although 
only participating in arboreal bipedalism as a small percentage of their movements (Cannon and 
Leighton, 1994; Vereecke and Aerts, 2008) and gorillas are mainly terrestrial quadrupeds. The head width 
to height ratio for Ar. ramidus is closest to that of gibbons and gorillas, an ape adaptation. In this study, 
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gibbons and gorillas have vastly different locomotive strategies from each other, but their ratios overlap 
as do chimpanzees and modern humans. The ratio of head width to head height might not be as helpful 
in determining locomotive strategies as these ratios overlap with many different types of locomotive 
strategies. 
 The feature of the head that could be best linked to different locomotive strategies is the overall 
size of the head. The more weight that a species puts on the first metatarsal head, the larger the head 
should be. Modern humans have the largest overall head size for its use in bipedalism. Gorillas and 
chimpanzees have the next largest head sizes and perhaps use their feet more often for weight bearing 
and propulsion, given their terrestriality, than do the very arboreal gibbons and orangutans. Even though 
orangutans are very large, the head of the first metatarsal is quite small, and they do not regularly 
participate in terrestrial quadrupedalism. The overall head size of Ar. ramidus is larger than that of 
chimpanzees but smaller than that of gorillas. This similarity to African apes suggests a locomotive 
strategy similar to these two species.  
 There is another feature of the head that could help separate modern humans from the other 
apes: in humans, part of the head extends onto the dorsal surface of the metatarsal, and this extension 
has been linked to bipedality (Susman and de Ruiter, 2004). This bony extension enhances dorsiflexion 
during the toe-off phase of bipedalism by being close packed, which is where contact between the 
articulation structure is maximal, thereby enhancing stability while walking (Frowen and Neale, 2010). It is 
not clear whether this feature is actually present in Ar. ramidus due to damage of this part of the bone. It 
is clear that this area is not flat in Ar. ramidus, as it is in apes, nor is there any indication of this extension 
as in modern humans. An undamaged complete first metatarsal is needed in order to be more conclusive 
as to whether there is a presence of this bony extension in Ardipithecus. 
Sesamoid Grooves of the First Metatarsal 
 The grooves for sesamoid bones on the head, separated by an intersesamoidal ridge, are very 
prominent in modern humans. In apes, the grooves are quite undefined and difficult to determine. These 
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grooves are crucial during bipedalism to help prevent trauma to the bone. During bipedalism, the grooves 
for the sesamoid bones act as pulleys, increasing the power of flexion within the joint and lifting the 
metatarsal head off the ground to take more weight during walking and standing (Inge and Ferguson, 
1933; Potter et al., 1992). The grooves also act as shock absorbers given the impact placed on the first 
metatarsal head during toe-off (Aseyo and Nathan, 1984; Frankel and Harrington, 1990; Beaman and 
Nigo, 1999). Bipedalism places a high amount of pressure and weight on the feet of modern humans and 
the sesamoid bones and their grooves are necessary to allow modern humans to move without a high 
risk of injury to the feet. 
 The analysis of the distance between the two sesamoid grooves finds one exception relative to 
this character difference between non-human primates and modern humans. The results showed no 
difference between the widths of the grooves between modern humans and orangutans. There is, 
however, a substantial morphological appearance difference between the two species in terms of the 
grooves on the metatarsal head. It was shown that the intersesamoidal ridge in orangutans, like in many 
non-human ape species, is quite undefined and takes up most of the width of the first metatarsal head, 
whereas in modern humans the ridge takes up a small portion of the head. The sesamoid grooves of Ar. 
ramidus are morphologically similar to that of non-human primates as the grooves are undefined relative 
to that of modern humans. The indentations are slightly more defined in Ardipithecus, suggesting slightly 
larger sesamoid bones than the other ape species, possibly implicating that the sesamoid bones played a 
slightly bigger role in this species' locomotion strategy, as shock absorbers, than that of the other non-
human primates. 
 In terms of sesamoid grooves relative to other hominids, it is worth noting that A. afarensis is 
more similar to Ar. ramidus than both are to modern humans, as A. afarensis is considered to be bipedal  
based on leg and pelvis morphology as well as the preserved Laetoli footprints (Lovejoy, 1974; Day and 
Wickens, 1980; White, 1980; Jungers, 1982; Latimer, 1983; Stern and Susman, 1983; Susman et al., 
1984; White and Suwa, 1987; Lovejoy, 1988; Latimer, 1991; Ward, 2002; Ward et al., 2012). However, it 
has been shown that A. afarensis has significant adaptations for arboreality as well. The sesamoid 
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grooves and the intersesamoidal ridge are important anatomical features during bipedalism, as 
mentioned above, since they help to prevent trauma and to increase flexion of the first metatarsal during 
toe-off. Based on the lack of human-like prominent sesamoid grooves on A. afarensis, this implies a high 
risk of injury to the feet while walking or running bipedally and that these sesamoid features were retained 
for arboreality. The ratio for Ar. ramidus is closer to that of African apes, which suggests that Ar. ramidus 
participated in a similar pattern of locomotion as these African species, using both terrestriality and 
arboreality. Ar. ramidus did not apply a significant amount of weight on the head of the first metatarsal as 
do modern humans. If Ardipithecus did participate in any form of bipedalism, it would be a vastly different 
and less efficient form with a higher risk of foot injury. 
Proximal Articular Facet of First Metatarsal 
 The proximal articular facet is one of the most distinctive features of the first metatarsal in 
interpreting locomotion. The proximal articular facet is crushed in Ar. ramidus, which did not allow for an 
adequate comparison with the other apes or humans. However, the area of the articular facet that 
articulates to the medial cuneiform remains intact. This area in Ar. ramidus resembles an ape, relative to 
the shape found among modern humans, and results in an abducted first metatarsal. Apes all possess a 
mobile joint surface to enhance their hallucial grasping abilities. An abducted first metatarsal implies that 
Ar. ramidus participated in arboreal grasping and that climbing activities clearly played a significant role in 
the life of Ar. ramidus.  
 Joint mobility for first-digit abduction is the biggest anatomical difference of the proximal articular 
facet that separates modern humans and apes. Modern humans have features that are indicative of an 
immobile joint surface that includes a flat surface, a saddle or crescent surface shape, and joint 
invagination (Latimer et al., 1982; Berillon, 1999; Proctor et al., 2008). Invagination is a narrowing of the 
central region of the facet which causes the surface in modern humans to be separated into two separate 
parts (Susman and Brain, 1988; Aiello and Dean, 1990; Latimer and Lovejoy, 1990; Proctor et al., 2008).  
Immobility of this joint surface is important during bipedalism as it supports the high amounts of weight 
placed upon the first digit and it helps in balancing the body over the foot. Apes, on the other hand, are 
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characterized by a mobile joint surface. The principal feature is the amount of oblique curvature (lipping). 
The amount of oblique curvature is related to the range of joint surface motion (Hamrick, 1996), with more 
curvature equaling more joint mobility. According to Proctor et al. (2008), gibbons, relative to 
chimpanzees and gorillas, have a flatter articular surface and a more oblique elongation of the dorso-
lateral aspect of this facet. A flatter surface is indicative of a slightly less mobile joint surface. 
 The widths of the proximal articular facet show that there is no significant differences between 
any of the ape species and all have joint surfaces that are indicative of a mobile joint for first-digit 
grasping. Gorillas, chimpanzees, and gibbons show no evidence of an invagination or a reduced joint 
surface as in modern humans. A. afarensis and H. habilis have very similar widths as modern humans 
and all are argued to be habitual bipeds (White and Suwa, 1987; Latimer and Lovejoy, 1989; Ward, 2002; 
Raichlen et al., 2010; Ward et al., 2012). All apes use their feet for grasping and climbing and they rely on 
a mobile joint surface for much of their daily activity. Ar. ramidus would have participated in similar 
grasping and climbing as these apes with its abducted first metatarsal. It would be more energetically 
costly for Ar. ramidus to have been a bipedal species given its proximal joint anatomy of the first 
metatarsal. 
 Ultimately, modern and fossil humans have evolved a joint surface for stability. Humans have no 
need for their feet to be used as grasping appendages and thus require a more stable joint surface over a 
mobile one. Grasping is essential in the life of apes. Arboreality requires feet to be able to grab onto 
substrates and this requires joint surfaces with high degree of curvature and mobility. Ar. ramidus had a 
high degree of first-digit mobility and proximal joint curvature in the first metatarsal. The LCA most likely 
also possessed a mobile joint surface as it seems to be present in all ape species. The future discovery of 
an undamaged proximal articular facet would help to further test this hypothesis. In the end, Ar. ramidus 
most closely resembles that of an ape, where quadrupedal terrestriality and arboreality were important 







 This study set out to explore the first metatarsals of apes, modern humans and Ar. ramidus in 
order to infer their locomotive strategies and possibly the movement patterns of the LCA of chimpanzees 
and humans. Analyses were conducted on distinctive features found on the first metatarsal, including 
length, shape of the shaft, distal head anatomy, and the proximal articular facet. All of these anatomical 
regions have distinguishing characteristics that have been associated with different locomotive strategies 
across primates. 
 Ar. ramidus showed no human-like features of the first metatarsal (Table 10). Its first metatarsal 
does not have a triangular base shape of the shaft, a prominent intersesamoidal ridge, or an immobile 
proximal joint surface, all distinctive features associated with modern humans and bipedalism. There are 
no anatomical indications that the first metatarsal of Ar. ramidus was being used as a high weight-bearing 
structure as in the case in modern humans. Possessing no human-like characteristics leads to the 
conclusion that Ar. ramidus did not walk bipedally as its main mode of locomotion as argued by White and 
colleagues. Lovejoy et al. (2009a) do not argue against the first metatarsal being ape-like, however, they 
contend that Ar. ramidus walked bipedally and they indicate that the ancestral condition was more 
monkey-like.  
 While there was no modern human characteristics, there was one characteristic that was most 
similar to A. afarensis. This was the ratio of sesamoid groove width relative to head width. This ratio 
similarity to A. afarensis was, however, unlike that of modern humans but rather was more similar to 
values for gorillas and chimpanzees. Here A. afarensis and Ar. ramidus are simply ape-like. This similarity 
could imply that both show arboreal characteristics in that the sesamoids were not needed as shock 





List of Ape-like/Human-like Characteristics 
  Analysis Ape-like/Human-Like 
Size Comparison Ape-like 
Shaft Base Shape Ape-like 
Robusticity Ape-like 
Proximal Joint Surface Ape-like 
Head Width to Head Height Ape-like 
Width of Intersesamoidal Ridge Ape-like 
Invagination of Proximal Facet Ape-like 
 
 
 Overall, the features of the Ar. ramidus first metatarsal showed greater similarities to apes. Its 
size relative to body mass and its robusticity resemble African apes, specifically chimpanzees. The ratio 
of head width to height was closest to gibbons relative to the other great apes. Sesamoid groove width 
relative to head width is similar to gorillas, chimpanzees and A. afarensis. Although the proximal articular 
facet is damaged in Ar. ramidus, this joint does indicate that the first metatarsal was capable of abduction 
on the basis of the intact portions of this joint. This joint was clearly a mobile one, suggesting a large 
range of abduction and adduction capabilities for arboreal grasping of substrates. This joint shape and 
function is similar to that seen in living apes. 
 This study agrees with White and Lovejoy in that the first metatarsal of Ar. ramidus was abducted 
and functioned as a grasping structure. Ar. ramidus was arboreal adapted in terms of its first pedal digit. 
This study disagrees with White and Lovejoy in that the LCA was monkey-like in that the first metatarsal 
of Ar. ramidus is certainly more ape-like than being from a monkey-like ancestor in this regard. However, 
definitively determining the locomotion strategy of a fossil species based on a single anatomical area is 
not feasible, let alone in determining the locomotor repertoire for the LCA. Ar. ramidus shows ratios 
resembling different ape species, although most are within the range of chimpanzees. If chimpanzees 
represent the best model for Ar. ramidus, we know that chimpanzees are both adapted for arboreality and 
for terrestrial quadrupedalism. Grasping and climbing was clearly important for the lifestyle of Ar. ramidus 
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as seen by its abducted first metatarsal. Terrestrial quadrupedalism is less clear since the hand evidence 
of Ar. ramidus shows no features of linking it to knuckle walking (Lovejoy et al., 2009b). In fact the hand 
and upper body anatomy of Ar. ramidus suggest a highly arboreal taxon (Lovejoy et al., 2009b). Given the 
anatomy of the first metatarsal, human-like bipedality was unlikely to have been the main form of 
locomotion of Ar. ramidus, as argued by Lovejoy et al. (2009a). Whether we use the first metatarsal or 
other limb elements from Ar. ramidus, we need to understand which features are primitive and which are 
newly derived to better determine an ancestral state. Therefore, Ar. ramidus is not representative of the 
LCA. A wholesale revision of limb characters utilizing many outgroups in determining the possible 
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First metatarsal proximal articular facet of modern humans, gorillas, chimpanzees, and orangutans 
